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UNLIKE CARBOHYDRATES AND LIPIDS, excess amino acids and proteins are not stored by animals but are usually metabolized to ammonia (44, 57) . Terrestrial animals typically detoxify ammonia into urea or uric acid before removal from the body; however, the vast majority of teleost fish are ammonotelic, excreting up to 90% of their nitrogenous waste directly into the environment as ammonia (57) .
In aqueous solution, ammonia exists in equilibrium between its gaseous (NH 3 ) and ionic (NH 4 ϩ ) forms, and the high solubility of NH 3 coupled with a favorable partial pressure gradient was thought to permit ready diffusion across the gills. "Acid trapping", acidification of the gill boundary layer via hydration of CO 2 or direct excretion of protons, results in the conversion of excreted NH 3 into NH 4 ϩ , thereby maintaining a favorable gradient for NH 3 movement (43, 55, 59) .
Two recent discoveries have led to a fundamental reevaluation of the basic mechanisms of nitrogen excretion in teleosts. First, it was found that rainbow trout (Oncorhynchus mykiss) and Atlantic cod (Gadus morhua), ammonotelic as adults, are ureotelic (excreting the majority of nitrogenous waste as urea) as embryos and juveniles, utilizing a functional ornithine urea cycle (OUC) for the production of urea (5, 11, 46, 47, 58) . With the exclusion of elasmobranchs, coelacanth fish, and a few specialized species, the OUC was thought to be absent in teleosts (4) ; however, these findings support the hypothesis of Griffith (15) that an active OUC occurs in juvenile fish species and is merely repressed in the adults. Thus the importance of urea to overall nitrogen excretion in developing teleosts may be considerably more important than in adults.
The second major finding was that rhesus (Rh) proteins, known to play a structural role within erythrocytes, increase the ammonia permeability of the plasma membrane in a variety of vectors and may, therefore, act as specific ammonia transporters (30) . The members of the Rh family now known to possess the ability to transport ammonia are Rh-associated glycoprotein (Rhag), Rh B glycoprotein (Rhbg), and Rh C glycoprotein (Rhcg). In mammals, Rhag is found primarily on erythrocytes, whereas Rhbg and Rhcg are found in tissues such as kidney, skin, liver, testes, ovary, and brain (36) . Interestingly, in the liver and kidney, expression of Rhbg and Rhcg appears to be limited to the basolateral and apical cell membranes, respectively (9, 40, 51, 53) . Recently, the Rh proteins and their functional significance were examined in teleost fish. Nakada et al. (35) identified four Rh proteins in the gills of pufferfish (Takifugu rubripes): fRhag, fRhbg, fRhcg1, and fRhcg2, and the results of immunohistochemistry clearly showed that not only were the Rh proteins located on the gills but also that Rhbg and Rhcg possessed an orientation very similar to that found in mammalian kidneys. When expressed in Xenopus oocytes, these proteins increased transmembrane methylammonium (an ammonia analog) movement. Since that report (35) , one or more members of the ammonia-transporting Rh proteins have been found in the tissues of rainbow trout (18, 37, 49) , mangrove killifish (Krytobelias marmoratus) (19) , and zebrafish (Danio rerio) (34, 43) , suggesting that Rh proteins are ubiquitous and necessary for ammonia excretion in teleost fish.
Whereas the idea that ammonia requires transporters to move through plasma membranes is relatively novel, transcellular movement of urea via a facilitated transporter protein was first described in toad bladder epithelium in 1973 (28, 29) . The unidentified urea transporter, now known as UT, was first cloned from rats in 1993 (60) , and UTs have now been described in a wide variety of vertebrates, including fish such as the gulf toadfish (Opsanus beta) (52, 56) , rainbow trout (39) , and Japanese eel (Anguilla japonica) (31, 32) . However, the pattern of UT expression during development is unknown, despite the apparent ureotely of juvenile teleosts.
These discoveries indicate that the movement of nitrogenous wastes through teleost tissues is more complicated than was originally thought and requires reexamination. In this study, we have specifically tested the hypothesis that nitrogenous waste excretion in embryonic fish is fundamentally different from that in adults and that Rh and UT proteins are crucially involved in the movement of ammonia and urea, respectively.
MATERIALS AND METHODS
Adult zebrafish (D. rerio) were kept in the University of Ottawa Aquatic Care Facility, where they were maintained in plastic tanks (10 liter) supplied with aerated, dechlorinated City of Ottawa tap water at 28°C. Fish were subjected to a constant 10:14-h light-dark photoperiod and were fed daily on no. 1 crumble-Zeigler feed.
Embryos were obtained using standard techniques for zebrafish breeding (54) , and newly spawned eggs were collected from random groups of adult breeders and kept in rearing tanks at 28°C until needed. All procedures used and described in this study were approved under Protocol BL-226 by the Animal Care Committee of the University of Ottawa and are in accordance with guidelines of the Canadian Council on Animal Care.
Ammonia and urea assays. Adult zebrafish were randomly selected and fasted for 2 days before excretion rates were measured. One animal was placed in each of six chambers holding 10 ml of aerated water. To measure nitrogen excretion rates, water samples (1 ml) were collected at 0 and 1 h and immediately frozen (Ϫ20°C) for later determination of ammonia and urea contents. Embryonic and larval zebrafish were pooled so that 30 -50 embryos were placed in one of six modified 3-ml syringes containing 1 ml of aerated water (an air supply was fed through the rubber stopper). Water samples (0.1 ml) were taken at 0 and 3 h and immediately frozen (Ϫ20°C) for later determination of ammonia and urea levels. For all experiments, a seventh chamber was left empty to serve as a blank and control for microbial production or breakdown of ammonia and urea. After each experiment, the animals were weighed.
Water samples were analyzed for ammonia and urea levels using the colorimetric assays of Verdouw et al. (50) and Rahmatullah and Boyde (41) , respectively. Urea excretion rates were multiplied by 2 to account for the two nitrogen atoms removed with every molecule of urea.
For measuring tissue levels of ammonia and urea, embryos were killed with an anesthetic overdose (MS-222), frozen with liquid nitrogen, and stored at Ϫ80°C. Samples were ground to a fine powder in liquid nitrogen, deproteinized in 4 volumes of ice-cold 6% perchloric acid, and centrifuged at 16,000 g for 15 min at 4°C. The supernatant was neutralized with ice-cold 2 M K 2CO3 and spun again at 16,000 g for 10 min (4°C). The final supernatant was directly analyzed for ammonia levels with the use of a tissue ammonia kit (AA0100; Sigma) and for urea levels by using the colorimetric assay described above. Values were corrected for the various dilutions and expressed as micromoles of nitrogen per gram of tissue.
Morpholino gene knockdown. Morpholino oligonucleotides (MOs) complementary to the translational start site of Rhag, Rhbg, Rhcg1, and UT were microinjected into one-cell stage embryos. Injection needles were pulled from filamented 1.0-mm borosilicate glass (Sutter Instrument, Novato, CA), and the injections were controlled with an IM 300 programmable microinjector (Narishige The experimental morpholinos were tagged with carboxyfluorescein at the 3Ј ends, allowing the injected embryos to be screened for morpholino uptake with a Nikon SMZ1500 fluorescent dissecting microscope (Mississauga, ON, Canada). Any embryos not exhibiting widespread fluorescence 24 h postinjection were discarded.
After excretion measurements, MO-injected larvae were pooled and frozen at Ϫ80°C. The pooled samples were divided such that one-half of the larvae (ϳ150 -200 animals) were utilized to provide protein for Western blots and the other one-half were used for real-time PCR.
Immunohistochemistry. Larvae were killed with an anesthetic (MS-222) overdose and then incubated for 20 min at 4°C in a solution of 4% paraformaldehyde (PFA) prepared in phosphate-buffered saline (PBS), pH 7.4. They were then washed with PBS (3 ϫ 5 min) and treated with 100% ethanol at Ϫ20°C for 10 min. Larvae were rinsed again with PBS (3 ϫ 5 min) and subsequently blocked with 3% bovine serum albumin (BSA) in PBS for 1 h before being washed again with PBS (3 ϫ 5 min). Larvae were incubated for 2 h at room temperature with 1:100 PBS-diluted primary antibodies. Four different primary antibodies were generously supplied by Prof. S. Hirose (Tokyo Institute of Technology): Rhag and Rhbg, polyclonal rabbit antibodies developed against the Rhag and Rhbg proteins of pufferfish (35) ; Rhcg1, a polyclonal rabbit antibody developed against the Rhcg1 protein of zebrafish (34) ; and UT, a polyclonal rabbit antibody developed against the gill UT of Japanese eels (32) . Several of the larvae were coincubated with 1:100 ␣5, a mouse monoclonal antibody directed against Na ϩ -K ϩ -ATPase of chicken (University of Iowa Hybridoma Bank).
Larvae were washed (3 ϫ 5 min) with PBS before 1 h of incubation with 1:400 Alexa 546 anti-rabbit and 1:400 Alexa 488 anti-mouse antibodies (Molecular Probes, Burlington, ON, Canada). The larvae were then washed again (3 ϫ 5 min) in PBS, and whole mount preparations were examined with a confocal scanning system (Olympus BX50WI; Melville, NY) equipped with an argon laser. Images were collected using Fluoview 2.1.39 graphics software (Melville, NY).
Western blots. Proteins were prepared from fresh tissues by homogenization on ice in 1:5 (wt/vol) extraction buffer containing 50 mM Tris ⅐ HCl, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 2 mM sodium fluoride, 2 mM EDTA, 0.1% SDS, and protease inhibitor cocktail (Roche). The samples were incubated on ice for 10 min and briefly sonicated to break up any DNA that might have been extracted. The samples were centrifuged at 16,000 g for 20 min at 4°C, and the supernatants were stored at Ϫ20°C before use. Samples were size fractionated by reducing SDS-PAGE with 10% separating and 4% stacking polyacrylamide gels and then transferred to nitrocellulose membranes (Bio-Rad, Mississauga, ON, Canada). After transfer, each membrane was blocked for 2 h in 5% milk powder/TBST (1 ϫ Tris-buffered saline, 0.1% Tween 20) and then incubated for 3 h at room temperature with one of the four primary antibodies (Rhag, 1:1,000; Rhbg. 1:1,000; Rhcg1, 1:500; UT, 1:1,000). The membranes were washed (4 ϫ 5 min) in PBS and incubated for 1 h at room temperature with peroxidase-conjugated secondary anti-rabbit Ig (1:12,000). The specific bands were detected using enhanced chemiluminescence (ECL; SuperSignal West Pico chemiluminescent substrate; Pierce, Rockford, IL). The protein size marker used was obtained from Fermentas Life Sciences.
For examination of the proteins in the Rhbg and Rhcg1 morpholino-injected embryos, the Western blot procedure was modified.
Because of the difficulty in detecting the small signal with normal ECL, a more sensitive Femto chemiluminescence substrate was utilized (Pierce, Rockford, IL). To avoid high background, the nitrocellulose membrane was blocked in 5% milk-TBST for 3 h and the secondary antibody was diluted to 1:40,000 instead of 1:12,000. The rest of the procedure remained the same.
RNA extraction and real-time PCR. Total RNA was extracted from frozen samples in 1 ml of TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Tissues were homogenized by repeatedly drawing the larvae and TRIzol through a 20-gauge needle attached to a 5-ml syringe. Total RNA was resuspended in 10 l of nuclease-free water, quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific), and stored at Ϫ80°C until use. Before synthesis of cDNA, 2 g of total RNA per sample were treated with DNase I, amplification grade (Invitrogen), according to the manufacturer's protocol to eliminate possible genomic DNA contamination. These were used to synthesize cDNA using RevertAid M-MuLV reverse transcriptase (Fermentas) and 200 ng of random hexamers according to the manufacturer's protocol. Non-reverse-transcribed samples were created by selecting random RNA samples and completing the cDNA reaction without the M-MuLV enzyme for use as controls for DNA contamination. Final cDNA products were diluted 1:5 for target genes and 1:1,000 for 18S in sterile water. An undiluted aliquot of each cDNA sample was taken and pooled to create a dilution series for determination of real-time PCR efficiency by construction of a standard curve.
Real-time PCR was performed using a MX3000P QPCR system using MXPro software version 4.0 (Stratagene). PCR reactions contained 4.6 l of sterile water, 6.3 l of brilliant SYBR green master mix (Stratagene), 0.5 l of each forward and reverse primer (Table 1) (to a final concentration of 0.1 M), 0.1875 l of diluted reference dye (Stratagene), and 0.5 l of cDNA for a final volume of 12.5 l. Reactions were run using the MXPro software default SYBR green program with an annealing temperature of 58°C. The program included a dissociation curve performed at the end of each PCR run to ensure the purity of the reactions. All data were analyzed using the modified ⌬⌬Ct method (38) . Expression of all Rh and UT genes was normalized to the expression of 18S in each sample. To represent relative developmental expression, all values were expressed relative to the values at 1 day postfertilization (DPF). Expression of all genes in morphants was expressed relative to that seen in embryos injected with the control morpholino.
In situ hybridization. Using NTPs containing digoxigenin (DIG)-conjugated uracil (Roche), specific DIG-labeled cDNA were synthesized using the following DNA templates: a 936-bp fragment of Rhag (nucleotides 97-1033, accession no. NM_212845), an 899-bp fragment of Rhbg (nucleotides 468-1367, accession no. NM_200071), a 618-bp fragment of Rhcg1 (nucleotides 665-1283, accession no. AB286865), and a 962-bp fragment of UT (nucleotides 247-1209, accession no. NM_001020519).
Embryos were placed in 4% PFA (pH 7.4) at 4°C overnight before being washed (2 ϫ 5 min) with PBS and dehydrated via methanol (MeOH) washes: 2 ϫ 5 min at room temperature (RT) followed by 1 ϫ 60 min at Ϫ20°C. After dehydration, embryos were rehydrated in graded series of MeOH/PBS washes: 1 ϫ 5 min in 75% MeOH-25% PBS, 1 ϫ 5 min in 50% MeOH-50% PBS, 1 ϫ 5 min in 25% MeOH-75% PBS, and 3 ϫ 5 min in 100% PBST (1 ϫ PBS, 0.1% Tween 20) .
Embryos were rinsed in 4 ml of 20 mg/ml proteinase K (Invitrogen) for 10 min at RT before they were washed 1 ϫ 5 min in PBST and fixed for 20 min in 4% PFA/PBS. The hybridization mix (Hyb-mix) for use in prehybridization, hybridization, and washes was prepared as follows: 5.0 ml of formamide, 2.5 ml of 20ϫ SSC (standard sodium citrate), 50 l of 20% Tween 20, 100 l of 5 mg/ml heparin, 92 l of 1 M citric acid, and H 2O to final volume of 10 ml. For prehybridization and hybridization, 100 mg/ml yeast tRNA was added to the Hyb-mix.
Embryos were prehybridized for 2-3 h in 200 ml of Hyb-mix at 65°C. For hybridization, 200 ml of Hyb-mix containing 1 ml of probe were added to the embryos and they were left overnight at 65°C. Embryos were then washed as follows: 10 min in 75% Hyb-mix-25% 2ϫ SSC at 65°C, 10 min in 50% Hyb-mix-50% 2ϫ SSC at 65°C, 10 min in 25% Hyb-mix-75% 2ϫ SSC at 65°C, 10 min in 100% 2ϫ SSC at 65°C, 2 ϫ 30 min in 0.2ϫ SSC at 60°C, 5 min in 75% 0.2ϫ SSC-25% PBST at RT, 5 min in 50% 0.2ϫ SSC-50% PBST at RT, 5 min in 25% 0.2ϫ SSC-75% PBST at RT, and 5 min in PBST at RT.
After washes, the embryos were preincubated for 1 h in PBST containing 2% calf serum and 2 mg/ml BSA and then incubated with 1:2,500 anti-DIG antibody (Roche) for 2-4 h at RT with gentle shaking. After incubation, embryos were washed (6 ϫ 15 min in PBST) and placed in staining buffer (100 mM Tris, pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween 20, and 1 mM levamisol) for 5 min. 5-Bromocresyl-3-indolyl phosphate (14 l; stock solution ϭ 50 mg/ml in dimethylformamide; Fisher) and nitroblue tetrazolium (27 l; stock solution ϭ 50 mg in 0.7 ml of dimethylformamide ϩ 0.3 ml of H2O; Sigma) were added to the staining buffer, and embryos were stained for up to 2 h or until satisfactory coloration occurred. The embryos were then washed 2 ϫ 5 min in PBST at RT.
Data presentation and statistical analysis. Data are means Ϯ SE. Statistical analysis was performed using SigmaStat (version 3.0; SPSS, Chicago, IL). Except for real-time RT-PCR results, the data were assessed for statistical significance using a one-way ANOVA followed by Tukey's post hoc test for pairwise comparisons. For the real-time RT-PCR results, Dunnett's post hoc test was used to compare data sets with the reference values. In all cases, significance was set at P Ͻ 0.05.
RESULTS
Ammonia and urea excretion. Several hours after fertilization (0 DPF), rates of ammonia and urea excretion were 0.004 and 0.0231 mol N⅐g Ϫ1 ⅐h Ϫ1 , respectively (Fig. 1A) . Excretion of both ammonia and urea increased during the first 10 DPF; however, ammonia excretion increased more rapidly, significantly increasing between 1 and 2 DPF and between 3 and 4 DPF. This resulted in the percentage of total nitrogenous waste excreted via urea falling from a high of 85% at 0 DPF to ϳ25% in older embryos and adults (Fig. 1B) . Although the excretion rates of both ammonia and urea reached adult levels by 5 DPF, the largest significant increase in ammonia excretion rates occurred following hatching (2-3 DPF), when the rate jumped fourfold. Urea excretion did not increase significantly until 5 DPF, reaching a maximum at 7 DPF.
Tissue ammonia and urea levels. In the youngest embryos (0 DPF), tissue ammonia levels were lower than those of urea (0.0124 vs. 0.0331 mol N/g, respectively; Fig. 2 ). Tissue ammonia concentrations increased linearly during the first 2 DPF but remained constant during the hatching period (2-3 DPF). Conversely, tissue urea levels, relatively stable 24 h before hatching, increased fourfold during hatching, reaching a significantly higher level of 1.2 mol N/g by 3 DPF, a level that remained effectively constant over the rest of the ages tested. Ammonia levels, however, rose more or less linearly after hatching, peaking at 1.9 mol N/g at 6 DPF (Fig. 2) .
RT-PCR of Rhag, Rhbg, Rhcg1, and UT. RNA for all four transporters was detected at 1 DPF, and compared with the levels at 1 DPF, mRNA levels for both Rhbg and UT increased significantly during development (P ϭ 0.05 and 0.025, respectively), peaking at 3 DPF (Fig. 3A) . Rhcg1 exhibited the greatest increase in mRNA abundance, increasing nearly 200-fold by 3 DPF (Fig. 3B) ; however, despite this, the results of the ANOVA implied that there were no significant developmental effects on Rhcg1 transcription (P ϭ 0.084). This was due to the extremely high variability in the 4 DPF data, and the removal of a single outlier resulted in a significant P value of 0.025. Because of the low levels of Rhcg1 at 1 DPF, and despite the very large increase in Rhcg1 expression, the total amount of Rhcg1 RNA in the embryos remained lower than that for any of the other Rh or UT proteins until 4 DPF (Fig.  3C ). Rhag, with the highest initial level of mRNA (Fig. 3C) , displayed the smallest increase in abundance (Fig. 3A) ; by 4 DPF there was no significant difference between the amounts of Rhag and Rhbg in the embryos.
Western blots. Three of the four antibodies utilized in these experiments were not developed against zebrafish. To test their efficacy in our applications, we ran Western blots against the gills and white muscle of adult zebrafish (Fig. 4) . In both pufferfish (35) and zebrafish (34) , no Rh transcripts were detected in white muscle, which was thus used as a negative control in the present study. Each of the Rh antibodies yielded single bands of the correct size in the gills with no bands in the white muscle. The exception was UT, which showed a single band of the correct size in gills and three bands (including the gill band) in white muscle. Additional evidence that the antibodies were specific to the desired proteins came from the analyses of the morpholino-injected embryos.
Morpholino experiments. Western blots comparing proteins from control and experimental morpholino-injected embryos revealed that the morpholino injections were effectively knocking down the desired proteins at 4 DPF (Fig. 5A ). The UT knockdown had no significant effect on ammonia excretion, but when any of the Rh proteins were knocked down, ammonia excretion fell significantly, to roughly one-half the control values (Fig. 5B) . Predictably, the UT knockdown significantly reduced urea excretion to Ͻ10% of the control values (Fig.  5C ). Rhag knockdown also caused a significant decrease in urea excretion, whereas Rhcg1 knockdown was associated with an increase in urea excretion; the apparent increase in urea excretion in the Rhbg morphants was not statistically significant (Fig. 5C) .
Morpholino phenotypes. Development in the Rhbg, Rhcg1, UT, and wild-type (WT; control injected) embryos appeared to be normal. However, the Rhag morphants exhibited a variety of phenotypes ranging from normal (Fig. 6E) to curve-tail larvae (Fig. 6F, asterisk) to larvae with severe cardiac edema ( Fig. 6G, arrow) . The Rhag larvae appeared more sluggish than the other injected larvae (personal observations). Because there was no obvious reason why a larvae would develop a specific phenotype, there was no basis to exclude them, and thus all living larvae were included in the excretion analyses.
Effects of morpholinos on mRNA expression of Rhag, Rhbg, Rhcg1, and UT. In MO-injected embryos, there was little evidence of compensatory increases of alternative transporters (Fig. 7) . In the Rhag morphants, there were no significant increases in any of the four transporters, whereas in both Rhbg and Rhcg1 morphants, there was only a significant increase in the transcripts for the transporters being knocked down, Rhbg and Rhcg1, respectively. In the UT morphants, however, the amount of both UT and Rhcg1 transcripts increased significantly.
Knockdown of Rhbg, Rhcg1, and UT resulted in significant increases in the mRNA for each. This is a recognized effect of morpholino knockdowns as the embryo attempts to compensate for the loss of protein (8) . However, this has little effect on the efficacy of the knockdown, which blocks translation, not transcription.
In situ hybridization. At 4 DPF (Fig. 8Ai) , the majority of Rhag was localized to the developing gills; however, it also occurred at the base of the yolk sac (arrow), possibly within the common cardinal vein, as well as in the kidney (asterisk). Within the developing gill, it did not appear to be associated with any specific cell type (Fig. 8Ai, inset) . Instead, it covered much of the filaments, suggesting it occurs within one of the more common gill tissue types such as pavement or pillar cells. By 8 DPF (Fig. 8Aii) , kidney staining was still evident (asterisk), and there was heavy Rhag staining in the area of the heart (arrow). As in the larvae at 4 DPF, the gill filaments showed strong staining for Rhag in a majority of the tissue (Fig. 8Aii,  inset) . The sense probe for Rhag (Fig. 8Aiii) produced no staining.
At 4 DPF, Rhbg was also found predominantly within the gill (Fig. 8B) , and the very heavy staining of the developing filaments suggests that, like Rhag, it was localized to one of the more common gill cell types. Although Rhbg did not appear to occur in any other specific organ, there was a staining pattern on the yolk sac suggesting the presence of Rhbg within a specific cell type on the skin (Fig. 8B, inset) .
At 4DPF, Rhcg1 was found in discrete cells on the yolk sac (Fig. 8Ci) and gills (inset, arrow) . The small, localized staining of specific cells supports the mRNA data from the RT-PCR and suggests that the amount of Rhcg1 protein was low compared with that of the other Rh proteins. As development continued, however, the cells containing Rhcg1 appeared to proliferate, and at 8 DPF (Fig. 8Cii) , the larvae showed a much higher density of Rhcg1-containing cells on the yolk sac and in the gills. Whereas the cells containing Rhcg1 appeared to be randomly distributed at 4 DPF, by 8 DPF the Rhcg1-containing cells were aligned along the gill arches (Fig. 8Cii, inset) .
UT mRNA (Fig. 8Di ) exhibited indiscriminate staining throughout the head, in the liver (asterisk), kidney (arrow) and gills (inset). By 8 DPF, the pattern of cells containing UT appears to have changed (Fig. 8Dii) , since UT staining occurred along the remnants of the yolk sac and in discrete cells within the gills (inset). In the embryos at both 4 and 8 DPF, a distinct cluster of UT staining occurred at the rostral tip of the embryo (Fig. 8D, i and ii) .
Immunohistochemistry. In larvae at 4 DPF, antibodies against Rhag produced the greatest fluorescence in the developing gill filaments (Fig. 9A, i and ii) . As with the in situ staining, there was no obvious localization to a specific cell type, and instead, staining appeared to occur throughout the filaments (Fig. 9Aii) .
Contrary to Rhag, Rhcg1 was localized to specific cells scattered about the operculum, gills, and yolk sac (Fig. 9Bi) . When the thin optical slices generated by the confocal microscope were combined, it was apparent that Rhcg1 was only found as an apical cap on these cells (Fig. 9Bii) .
As with the in situ stains, the antibody for Rhbg labeled the gill filaments in a nonspecific pattern (Fig. 9C) . However, they also revealed specific cells outside of the gills containing Rhbg (dashed box). Similar to the pattern that occurs in cells labeled for Na ϩ -K ϩ -ATPase (NKA cells) (Fig. 9 , C, arrowheads; and F, dashed box), the confocal images of the cells expressing Rhbg resulted in rings of fluorescence (Fig. 9C, inset) . In NKA cells, the fluorescence of the antibodies attached to the baso- UT protein was localized to discrete clusters of cells within the mouth (Fig. 9D) , the brain, and nerve tracts (Fig. 9E) . Staining of Na ϩ -K ϩ -ATPase (Fig. 9F , red, dashed box) showed no colocalization with UT (green, solid box), suggesting that the cells in which UT is found are not NKA-rich ionocytes.
DISCUSSION
There are a large number of studies providing evidence for the ammonia-transporting abilities of Rh proteins. However, most of those studies were correlative or relied on data from cultured tissues and cells. The morpholino knockdowns of Rhcg1 by Shih et al. (43) and the knockdowns of Rhag, Rhbg, and Rhcg1 in this study are among the first to provide in vivo evidence for the ammonia-transporting abilities of Rh proteins. Although previous work appeared to show that the targeted knockdown of Rhbg in mice had no effects (6), the removal of any one of the three Rh proteins from zebrafish larvae significantly impaired ammonia excretion (Fig. 5) . These results strongly suggest that without functional ammonia transporters, ammonia excretion would be severely constrained. Therefore, in embryonic and larval zebrafish, ammonotely may not be possible until Rh protein expression occurs, and thus an alternative method of nitrogenous waste removal is required.
Ureotely in teleosts. As zebrafish embryos developed, they underwent a transition whereby they initially excreted 80% of their nitrogenous waste as urea (ureotely) before the level decreased to 15% in larvae and adults (ammonotely) (Fig. 1) . Increased urea excretion in larvae has been previously recorded for both rainbow trout (11, 46, 47, 58) and cod (5). However, whereas cod (5) and zebrafish embryos (Fig. 1) used urea as the predominant waste product while still enclosed by the chorion, trout embryos showed little urea excretion until just before hatching (58). These differences suggest that there is no single pattern of nitrogen excretion during the early development of teleosts.
The high rate of urea excretion in embryonic and juvenile teleosts is likely to be the result of a functional OUC. It has been hypothesized that a functional OUC is required to detoxify ammonia when ammonia excretion is limited by the embryo's underdeveloped gills (42) and limited exchange with bulk water (46) The fact that a large increase in ammonia excretion occurs following hatching suggests that the chorion, thought to be relatively impermeable to ammonia (45) , may, indeed, act as a physical barrier. However, previous results (11, 46) , as well as our own findings (Fig. 1A) , have shown that ammonia can penetrate the chorion and may not be a barrier to ammonia excretion. Instead, our data suggest that ammonia excretion is limited by a lack of ammonia transporters, and it was the simultaneous increase in expression of all three ammonia transporters that triggered the increased rate of ammonia excretion at 3 DPF. Therefore, in the period preceding adequate Rh protein expression, zebrafish embryos may utilize the OUC to prevent ammonia toxicity.
Rhcg1. Given the large increase in transcription levels of Rhcg1 in developing rainbow trout (18) and zebrafish (Fig. 3B), it is tempting to speculate that it is the increase in Rhcg1 that is responsible for the large increase in ammonia excretion between 2 and 4 DPF. However, there was increased transcription of all three Rh genes at 3 DPF, and despite the larger relative increase in Rhcg1 mRNA, there remained much more Rhbg and Rhag mRNA (Fig. 3C ). This suggests that transport through Rhcg1 may not be any more important than that through the other Rh proteins during normal excretion. In fact, it is unlikely that any single Rh protein is the key to ammonia excretion in zebrafish larvae. The morpholino knockdowns showed that the removal of any one Rh protein resulted in a similar fall in the rate of ammonia excretion, an argument against the hypothesis that one member of the family is more important than another. The morpholino knockdowns also revealed the limits of ammonia diffusion through plasma membranes, since the knockdown of any single Rh protein merely prevented movement through either one or two plasma membranes (35) . That the result is a 50% fall in ammonia excretion is an indication of the impermeability of the plasma membranes to ammonia. The 50% fall in ammonia excretion with each morpholino treatment was unexpectedly large and could have been caused by additional Rh proteins being knocked down by nonspecific binding of the morpholinos. This seems highly unlikely, however, given the small number of shared nucleotides in the morpholino binding regions of the proteins (see MATERIALS AND METHODS) . The large fall in ammonia excretion for each knockdown might also be explained if 50% of excretion occurred via simple diffusion while the remaining 50% occurred via a series of Rh proteins. Thus knocking out any single Rh would result in functionally knocking out all of them. This may well occur in the pufferfish gill model (35) ; however, due to the locations of the Rh proteins in zebrafish larvae, it is difficult to see how knocking down a single member of the Rh family would affect the others.
After UT knockdown, Rhcg1 was the only Rh protein for which transcription was significantly increased, implying that upregulation of Rhcg1 may be a mechanism for dealing with extreme situations. In zebrafish embryos, the cells that express Rhcg1 are V-type H ϩ -ATPase mitochondrion-rich (HR) cells (34) . Utilizing a variety of methods, including morpholino knockdowns and recording ammonia excretion from single cells, Shih et al. (43) have revealed that both the V-type H ϩ -ATPase and Rhcg1 are required for normal ammonia excretion. Beyond normal excretion, however, the presence of Rhcg1 on the HR cells places it in a prime position to facilitate increased ammonia excretion when required. HR cells have the capacity to increase proton pumping for ionoregulatory functions (16) , and elevated acid excretion will favor increased NH 3 flux through the cell (and Rhcg1) via the process of "acid trapping" (59) . Increased transcription of Rhcg during periods of stress (air exposure, high external ammonia) was previously reported in the killifish (19) , and in rainbow trout exposed to high environmental ammonia, there was an increased transcription of several Rh proteins and the V-type H ϩ -ATPase (37). Recent work on cultured rainbow trout gills has provided additional evidence that some Rh proteins (Rhcg2 in rainbow trout) may work with the V-type H ϩ -ATPase as an ammonium pump (49) . Therefore, induction of Rhcg1 may play a crucial role in maintaining ammonia excretion during periods of hyperammonemia.
Rhag. Rhag morphants exhibited a number of phenotypic abnormalities not observed in the other knockdowns and generally appeared to be in a compromised state. The physical problems were manifested in a decrease in both ammonia and urea excretion (Fig. 5) , and the Rhag morphants were the only embryos that did not show any compensatory upregulation of transcription during the gene knockdown (Fig. 7) .
The physical anomalies of the Rhag morphants suggest an alternative explanation for the excretion results of the morpholino knockdowns: that all ammonia is excreted through Rhbg and Rhcg1, with no external movement of ammonia occurring via Rhag. Therefore, knocking down either Rhbg or Rhcg1 results in a 50% fall in excretion, whereas the coincidental decrease in both ammonia and urea excretion in Rhag morphants is due to a phenotypic metabolic depression.
In mammals, Rhag is almost exclusively found on the red blood cell and appears to play a vital role in maintaining its structural integrity (2) . Mutants lacking a functional Rhag protein display the Rh null phenotype and suffer both structural and biochemical abnormalities of the red blood cell, resulting in chronic hemolytic anemia (7, 17, 21) . Rhag has been shown to occur in the gills, spleen, blood, and kidney of pufferfish (35) , similar to the expression in zebrafish (Fig. 8A) . The diverse tissue expression pattern, coupled with the numerous phenotypes produced by Rhag knockdowns, suggests that Rhag serves other functions in addition to ammonia excretion in zebrafish.
It is unclear, based on the results of in situ hybridization and immunohistochemistry, whether there are specific cells within the gills or on the skin in which Rhag is found. On the basis of the images (Figs. 8A and 9A) and evidence from other species (35) , Rhag is likely found throughout the gills on either the pavement and/or pillar cells.
Rhbg. Unlike in the rainbow trout, where Rhbg levels remain low throughout development (18) , Rhbg mRNA was abundantly expressed at 2-6 DPF (Fig. 3) . As with Rhag, Rhbg was found throughout the gill tissue, as well as in discrete cells covering the yolk sac and operculum ( Fig. 8B and 9C) . The nonspecific expression pattern on the gills suggests localization to pavement cells, similar to the expression pattern of the pufferfish (35) . Overall, the highly expressed, broadly distributed Rhbg in zebrafish larvae may play a significantly larger role in ammonia excretion or ionoregulation than in either the rainbow trout or the pufferfish.
In mammals, Rhbg is found on the basolateral surface of A-type (acid secreting) intercalated cells in the kidney (51) , which are analogous to the HR cells in zebrafish (16) . Although Rhbg does appear to be located basolaterally in some cells, these Rhbg-expressing cells are not likely to be HR cells, because the expression pattern is distinctly different from that of Rhcg1, which is exclusively found in HR cells in larval zebrafish (20, 43) . Furthermore, the cells are also not NKAtype mitochondrion-rich cells, because there was no colocalization with ␣5 (Fig. 9C, arrowheads) .
Hwang and Lee (20) have proposed a model of ionoregulatory mechanisms for zebrafish containing at least three subtypes of gill/skin ionocytes: HR cells, NKA cells, and NCC (thiazide-sensitive Na ϩ -Cl Ϫ cotransporter) cells. It may be that in larval zebrafish, Rhbg is located in the NCC skin cells or in an additional cell type that has yet to be described.
Urea transporters. Many studies on fish have used phloretin to inhibit urea excretion and thus demonstrate the presence of a facilitated urea transport system (14, 33, 52) . Phloretin, however, indiscriminately blocks all UTs and aquaporins [also believed to function as urea transporters (48)], making it difficult to separate the relative contributions of the potential transport proteins. Although some of the nonspecific effects of phloretin can be avoided by using structural analogs of urea as competitive inhibitors, in the present study this problem was avoided through the use of the UT morpholino to specifically knock down the gill isoform of UT. The resulting 90% fall in urea excretion indicates that in juvenile zebrafish, the vast majority of urea excretion occurs via the branchial form of UT. Thus other potential urea transport routes [including via aquaporins (13, 22, 61) ] would appear to be of minor importance in zebrafish embryos and larvae. The remaining urea excretion in the UT knockdowns may have reflected the use of these minor urea transport pathways or the accumulation of urea within the tissues resulting in passive diffusion. Much of the urea produced in fish is derived from enzymatic processes in the muscles (12, 24 -26) , which should therefore possess the capacity to transport urea. The Western blot analysis of adult tissue (Fig. 4) suggests that zebrafish white muscle contains one or more isoforms of UT, which may allow for some excretion in embryos.
Tissue ammonia and urea. High-intensity exercise in juvenile and adult rainbow trout significantly increases urea excretion rates (1, 27) . This is likely a result of elevated levels of ammonia in the muscles combining with glutamate to form glutamine and providing the primary substrate for the OUC to produce urea (47) . Therefore, the increase in embryonic tissue urea at 2-3 DPF may be caused by the muscular work required of the embryos to escape from the chorion, with excess ammonia funneled into the OUC. The OUC enzymes are likely to be both functional and playing a major role in detoxifying ammonia in prehatched/hatching embryos (58) , and this increase in urea production by the tissues occurs as the relative amount of UT being transcribed begins to decline (Fig. 3) . By 4 DPF, as the metabolic demands of the fish increase, they may no longer have the capacity to excrete large amounts of urea, resulting in the increased urea tissue levels.
The yolk sac can serve as a sink for ammonia in larval rainbow trout (46) , and its absorption around 4 -5 DPF may partly explain why tissue levels of ammonia, as well as rates of both ammonia and urea excretion, significantly increase over the same interval. Without the ability to utilize the yolk for ammonia storage, all ammonia must be excreted, along with any ammonia that was previously stored. That ammonia tissue levels continue to rise over the first 6 days of development (Fig. 2) implies a deficit in larval excretory capacity, possibly reflecting the slow development of the gills (23, 42) . Meanwhile, the metabolism of the larvae increases 40-fold over the same interval (3), causing a potential mismatch between the gill's functions and surface area. If both surface area and perfusion are inadequate, the Rh transporters will be unable to adequately remove ammonia, and tissue levels will rise.
Location of the transporters. Although the various ammonia transporters become increasingly centralized around the gills as the larvae develop, each transporter has a unique expression pattern. Nakada et al. (35) introduced the idea that Rh proteins, working in tandem in pufferfish gill, provide a specific pathway for ammonia movement . However, the scattered location of the cells expressing Rhcg1 and Rhbg imply that in zebrafish larvae, the Rh proteins do not form a continuous pathway for ammonia flux but may work independently to regulate internal ammonia levels. Although the previous model (35) places the Rh proteins throughout the cell layers that make up the respiratory lamellae, the apparent independence of the Rh proteins in larvae is likely a consequence of the slowly developing gills (42) . Without functional lamellae, building up a sophisticated branchial Rh network for ammonia transport may not have any benefits, hence the large amount of Rhcg1 and Rhbg occurring on the surface of the yolk sac. The presence of Rh proteins on the yolk sac may also aid in its function as an ammonia sink (46) . That the cells expressing the various Rh proteins begin to coalesce around the gills in embryos at 8 DPF implies that the mechanisms of ammonia excretion via Rh proteins in adults could be very different.
Perspectives
With this study, we provide compelling in vivo evidence for the importance of ammonia and urea transporters in ammonia and urea excretion, respectively. UT appears to be crucial for the effective removal of urea, implying a reduced role for urea movement via aquaporins, at least in larvae. On the contrary, none of the Rh proteins examined appeared to be more important than any other during normal ammonia excretion. The situation in the gills of pufferfish (35) , where the Rh proteins are arranged in a series, makes it possible that a single Rh protein could effectively control the rate of ammonia efflux. However, the diverse locations of Rh proteins on the surface of zebrafish embryos may limit such interactions. As the embryos developed, expression of the transporters in and around the gills increased, and it is likely that future work will reveal a different functional arrangement of Rh proteins in adults, one that may be more akin to the model proposed in pufferfish (35) .
